Abstract The operational capacity of a duplex RT-PCR method for simultaneous detection of Prune dwarf virus (PDV) and Prunus necrotic ringspot virus (PNRSV) has been established by nine European laboratories. A total of 576 samples from Prunus trees with known sanitary status, corresponding to 32 samples in two repetitions for each laboratory, were analysed. The level of sensitivity achieved by the Eur J Plant Pathol (2008) For PNRSV, the positive likelihood ratio was 15.00 while the negative likelihood ratio was 0.11. In addition, post-test probabilities of infection were calculated to manage the risk associated with the routine use of this method. This allows an accurate test result interpretation to facilitate the integration of this new technique into a certification scheme.
Introduction
Prune dwarf virus (PDV) and Prunus necrotic ringspot virus (PNRSV) are members of the genus Ilarvirus, family Bromoviridae, naturally infecting the majority of Prunus species. These viruses are transmitted mechanically, through grafting, pollen and seeds. PDV causes necrotic and chlorotic spots on cherry leaves and stunting on peach and plum trees (Desvignes 1999) . It has been reported to cause about 43% losses in fruit yield (Scott et al. 2001) . Although PNRSV infections may be latent, growth reductions ranging from 12% to 33% have been estimated (Albertini et al. 1993; Pine 1964) . A virus combination between PDV and PNRSV known to induce peach stunt infection (PSD) may occur showing premature defoliation, bark splitting and increased watersprout production, with fruit yields reduced up to 60% (Scott et al. 2001) . Consequently the use of healthy plant material is a requirement to prevent virus spread in woody crops. In this context certification schemes worldwide are being established with the objective of identifying healthy sources for propagation. Numerous molecular methods based on hybridization or PCR have been developed to detect these viruses at low concentration limits (Crosslin et al. 1992; Hammond et al. 1998; Rosner et al. 1997; Sánchez-Navarro et al. 2005; Spiegel et al. 1996) .
The reverse transcription/polymerase chain reaction (RT/PCR) is a powerful tool for the detection and/or characterisation of plant viruses with RNA genomes (Henson and French 1993) . Despite its potential and the numerous protocols developed so far, RT-PCR is still less used than immunological or biological methods for the primary diagnosis of plant pathogens in certification schemes. The main advantage of RT-PCR in the detection of fruit tree viruses is its high sensitivity. Another great advantage is the possibility to simultaneously detect several targets in a single reaction (James et al. 2006 ). This property is particularly interesting for PDV and PNRSV as they are often present in mixed infections and their absence has to be controlled in phytosanitary certification programmes. A duplex protocol, based on primer pairs published by Kummert et al. (2000) , was previously optimized for the simultaneous detection of both viruses. The polyvalence of the primers was evaluated at the FUSAGx laboratory on 63 isolates of PDV and 101 isolates of PNRSV, respectively (Kummert et al. 2000; Massart et al., unpublished data) .
The reluctance to adopt the new molecular techniques in plant-virus routine diagnostics may be partly explained by the lack of confidence in the obtained results and the poor knowledge on the repeatability, reproducibility and limits of the RT-PCR methods. Such knowledge can be obtained through the inter-laboratory evaluation of the methodology. Although many RT-PCR protocols have so far been developed to detect plant viruses, very few of them have been thoroughly validated through an inter-laboratory evaluation involving reference laboratories.
This study reports the inter-laboratory evaluation involving nine European laboratories of a duplex RT-PCR method using plant crude extracts as template for the molecular diagnosis of PDV and PNRSV. The objective of this validation was to estimate the likelihood ratios of this method and the post-test probabilities of infection, to provide useful information to manage the risk associated with the use of this method in routine analysis. Additionally, this validation aimed to write and select a comprehensive and detailed protocol accompanying this duplex RT-PCR test.
Materials and methods

Sample preparation
Samples were prepared in the Plant Pathology Unit of the Gembloux Agricultural University (FUSAGx).
One year-old shoots from plum and cherry trees were sampled in the reference orchard of the FUSAGx and the CRA-W in Gembloux. A small portion of bark tissue was removed from the shoot. Vascular tissues (0.2 g) were sampled using a razor blade and placed in nylon mesh bags (Bioreba, Reinach, Switzerland) with 2 ml of cold KAJI buffer (DNAlis, Gembloux, Belgium). The samples were ground for 10 s using a Homex (Bioreba). Plant crude extracts were immediately put on ice and further conserved at −20°C. Pooled samples were prepared by mixing one volume of raw extract from an infected tree with either 7 or 79 volumes of raw extract from a healthy tree. Crude extracts were further diluted 10 times in fresh Ultrapure water (Invitrogen, LaJolla, USA) and divided into identical aliquots of 50 μl.
Sample distribution
Thirty-two samples were prepared in two repetitions for each laboratory and coded to ensure a double blind test, e.g. neither the sample status nor the correspondence between repetitions was known by the laboratories. The frozen samples were sent in solid CO 2 to the nine participant laboratories (randomly numbered A to I) of the inter-laboratory validation. All the reagents for PCR amplification were provided along with the samples.
RT-PCR
Hundred times diluted crude extracts were prepared by each partner by adding 450 μl of fresh Ultrapure water to the received samples (50 μl).The duplex RT-PCR was carried out using the One-step RT-PCR kit (Qiagen, Hiden, Germany) and specific primers (Eurogentec, Liège, Belgium) The primers PNRSV-10F (5′-TTCTTGAAGGACCAACCGAGAGG-3′) and PNRSV-10R (5′-GCTAACGCAGGTAA GATTTCCAAGC-3′) were used to amplify a 348 bp fragment of PNRSV coat protein. The primers PDV-17F (5′-CGAAGTCTATTTCCGAGTGGATGC-3′) and PDV 12R (5′-CACTGGCTTGTTTCGCTGT GAAC-3′) were used to amplify a 303 bp fragment of the PDV coat protein. The reaction mix consisted on: RT-PCR buffer 1×, 400 nM of each primer, 400 nM dNTPs, 1 μl of enzyme mix, 2 μl of RNAsefree water and 5 μl of 100× diluted crude extract in a total volume of 25 μl. Thermal cycle protocol consisted of a first step of 30 min at 50°C for reverse-transcription, followed by 15 min at 95°C for polymerase activation and 40 cycles at 95°C for 45 s, 55°C for 45 s and 72°C for 1 min with an final step at 72°C for 10 min. PCR products were subjected to electrophoresis in agarose gel (2% v/v) and stained with ethidium bromide for visualisation of amplicons. The following thermocyclers were used in the laboratories: PTC 200 (MJ Research), GeneAmp® PCR System 2700 and 2720 (Applied Biosystem), Mastercycler® 5341 and Gradient (Eppendorf), I-cycler (Biorad).
Statistical analysis
Sensitivity and specificity of the method were estimated according to Altman and Bland (1994) . Sensitivity was the proportion of true positives that were correctly identified by the method (number true positive/number of infected samples). Specificity was the proportion of true negatives that were correctly identified by the method (number true negative/ number of healthy samples). Both parameters were estimated independently for each repetition in each laboratory for both viruses separately. Unilateral 95% confidence intervals (CI) were calculated for the global estimation of both parameters for each virus, using the Agresti-Coull method (Agresti and Coull 1998) . These confidence intervals included the real value of the corresponding parameter in 95% of the trials. In other words, for a determinate assay, there was 95% probability that the real value of the parameter for the corresponding virus was higher than the lower limit of the CI.
To study the pooling effect on the sensitivity of the tests, a generalized linear model (GLM), corrected for the laboratory and sample effects, was fitted to obtain a linear relationship between the dilution factor and the sensitivity. The linearity relationship was tested using the GLM through a χ 2 test detecting significant deviation of the linearity with significance level at P< 0.05. The influence of the sample pooling on the sensitivity was further evaluated through another χ 2 test with significance level at P<0.05.
Repeatability and reproducibility of the RT-PCR test were estimated through the concordance analysis and the calculation of Cohen's Kappa coefficients (Cohen 1960) , which measure the agreement of a classification between raters, taking into account the agreement occurring by chance. Kappa coefficient represents how much better is an agreement than would result from chance only. The following criteria, based on the interpretation of Landis and Koch (1977) was used: 0.00 to 0.20: no agreement; 0.21 to 0.40: weak agreement; 0.41 to 0.60: moderate agreement; 0.61 to 0.80: strong agreement; and 0.81 to 1.00, almost perfect agreement. Repeatability was evaluated by averaging the Kappa agreement between repetitions in each laboratory, and the reproducibility by averaging those values between all pairs of repetitions whatever their origin (Light 1971) .
The relationship between pre-and post-test probability of infection is accurately described by Baye's theorem (Fagan 1975) . As the prevalence of the infection in the samples of this ring-test could be different from the prevalence of the infection in routine analysis, the likelihood ratios were used to estimate the post-test probability of the method. The likelihood ratio incorporates both the sensitivity and specificity of the test and provides a direct estimate of how much a test result will change the odds [odd = probability/(1−probability)] of being infected for the individual within its population. The positive likelihood ratio is calculated as follows: Sensitivity/(1− Specificity), while the negative likelihood ratio corresponds to (1−Sensitivity)/Specificity. The posttest probability was further calculated using Fagan's monogram (Fagan 1975) or the following formulae: post-test odd = pre-test odd x likelihood ratio.
Results
Discarded values
All the samples arrived still frozen in all the laboratories. The results were sent to FUSAGx for interpretation. Figure 1 shows an example of results obtained after gel electrophoresis with 10 samples: both viruses were detected in samples no 1, 5, 6 and 7, PNRSV was detected in sample no 4°and PDV in sample no°10, no virus was detected in samples no 2, 3, 8 and 9. For one laboratory (D), the second repetition was discarded because all the samples were contaminated. Obviously, this result came from contamination of the PCR reaction mix, most probably through PCR products from previous PCR reactions. Additionally, during the first evaluation of the results, it appeared that one laboratory (E) did not process the sample on ice before RT-PCR. As this was a major deviation of the protocol, the results of this laboratory were not included in the global analysis.
Study of the pooling effect
The effect of sample pooling on the sensitivity of detection was evaluated for each virus separately (Table 1) through the establishment of a generalized linear model. The analysis was done on 18 samples, corresponding to six samples with a double infection at 1×, 8× and 80× pooling. The data were transformed and the best linear relationship was obtained using a decimal logarithmic transformation of the dilution factor and a logit link function for the probability of detection. No deviation from the linear hypothesis was detected (PDV, χ 2 1dl ¼ 0:807, P-value=0.369; PNRSV, χ 2 1dl ¼ 0:224, P-value=0.636). There was no significant influence of the decimal logarithm of 1× doubly-infected Non-pooled sample; 8× 1 doubly-infected sample pooled with 7 healthy samples; 80× 1 doubly-infected sample pooled with 79 healthy samples pooling on the detection sensitivity for PDV (χ 2 1dl ¼ 0:839, P-value=0.360). The average sensitivity for these samples was 98.7%. For PNRSV, a very highly significant influence of the decimal logarithm of pooling on the detection sensitivity was observed (χ 2 1dl ¼ 24:456, P-value< 0.001). Surprisingly, the detection probability rose with the pooling factor (β log(dilution) =2.995).
Specificity and sensitivity Table 2 shows the estimated specificity and sensitivity together with the lower limit of the corresponding unilateral confidence intervals (C.I. 95% ). Whatever the parameter, the estimations were based on more than 200 values coming from the eight laboratories. For PDV, the estimated specificity and sensitivity were 87.4% (C.I. 95% =83.7%) and 98.3% (C.I. 95% =96.2%), respectively. For PNRSV, the specificity and sensitivity were estimated at 94.3% (C.I. 95% =91.0%) and 90.4% (C.I. 95% =87.1%), respectively. Table 3 shows the Cohen's Kappa coefficients of repeatability calculated for each laboratory and the average. The concordance analysis revealed that the average repeatability was 90% for both viruses. The average Kappa's coefficient of Cohen was 79% for both viruses. According to Landis and Koch (1977) , these results indicate a strong agreement, or concordance, between the values obtained from two independent repetitions made in the same laboratory. An almost perfect agreement was obtained by Laboratory A, C and I for both viruses and by Laboratory F for PNRSV only. A strong agreement was obtained by laboratories B and G for both viruses and by laboratory F for PDV. A moderate agreement was obtained by Laboratory H.
Repeatability analysis
Reproducibility analysis
The reproducibility of the method calculated according to the concordance method was estimated at 93% for PDV and PNRSV. The Cohen's Kappa coefficients of reproducibility calculated by Lights method (Table 3) were estimated at 75% and 77% for PDV and PNRSV, respectively. These Kappa values indicated a strong agreement between all the repetitions, whatever the laboratory.
Likelihood ratios and post-test predictive value
The positive likelihood ratios for PDV and PNRSV were 7.5 and 15, respectively. The negative likelihood ratios for PDV and PNRSV were 0.02 and 0.11, respectively. The likelihood ratio can be combined with the incidence of the infection to determine the post-test probability of the infection. Therefore, the post-test probability of infection versus the incidence of the infection was simulated (Fig. 2a,b) .
Discussion
An inter-laboratory evaluation should be performed under the range of conditions in which they are likely to be used in practice (Banoo et al. 2006 ). So, this study was designed to mimic practical analysis conditions in a routine certification laboratory. Samples were selected among trees with various degrees of infection: healthy or infected with high or low titre, long-time or recently infected, plum or cherry. Moreover, they were processed by a simple, quick and reliable preparation method based on crude extract preparation in an optimized buffer, avoiding A to I laboratories the need of cost-and labour-intensive RNA extraction and purification protocols. Compared to most of the previous inter-laboratory assays of (RT-)PCR detection methods (Jeffries and James 2005; Lopez et al. 2006; Paton et al. 2000) , the experiment presented three additional difficulties: (1) the processing of vascular tissues (more complicated to process than leaves), (2) the use of crude extract preparations, and (3) the simultaneous identification of two different RNA targets.
The sample pooling is an interesting alternative to reduce the cost analysis or to increase the number of analysed samples within a certification programme. This pooling may correspond to various leaves from the same tree, various shoots from a single batch from the nursery, and heterogeneous samples in a low infection prevalence population. Nevertheless, this pooling can not be done without evaluating its effect on the sensitivity of detection. Only doubly-infected trees were used to study the pooling effect (worst case scenario). The statistical analysis revealed no effect of pooling for PDV. The observed effect on PNRSV was surprising as the sensitivity rose with pooling level. This effect was due to two trees with a very intense signal for PDV and no signal for PNRSV in the nonpooled sample. It is suggested that a competition phenomenon occurred between both targets, PDV being very abundant and limiting amplification of PNRSV amplicon. This effect disappeared when samples were pooled and both virus concentrations decreased. When the statistical analysis was done without these two samples, there was no significant effect of pooling on the sensitivity (P=0.191).
The specificity of the duplex RT-PCR protocol was estimated at 87% (PDV) and 94% (PNRSV). Other inter-laboratory evaluations of (RT)-PCR protocols for single plant or human pathogen detection obtained specificity values ranging from 82% to 100% (Jeffries and James 2005; Josefsen et al. 2004; Lopez et al. 2006; Malorny et al. 2003; Taha et al. 2005) . The estimated sensitivities of the duplex RT-PCR protocol were 98% and 90% for PDV and PNRSV, respectively. During previous inter-laboratory evaluations of (RT)-PCR protocols for single plant, animal or human pathogen detection, the sensitivity values ranged between 72% to 96% (Jeffries and James 2005; Josefsen et al. 2004; Paton et al. 2000; Taha et al. 2005; Truyen et al. 2006) or 38% to 85% (Lopez et al. 2006) . So, while using crude extracts and detecting two viruses simultaneously, the specificity and the sensitivity values were very high and equal or higher than the average values published in the literature for detection of single pathogens using purified RNA or DNA.
Repeatability and reproducibility of a laboratory test between different laboratories are crucial characteristics but, unlike specificity and sensitivity, they are rarely taken into account when evaluating the usefulness of a test. The Kappa coefficients of repeatability and reproducibility indicated a strong concordance between repetitions within or between the laboratories. Interestingly, the Kappa coefficients of reproducibility and average repeatability were very similar whatever the virus, indicating a strong inter-laboratory agreement. This means that the variability of the duplex protocol observed between two repetitions within a laboratory is similar to those observed between repetitions from various laboratories. In other words, the laboratory had a negligible influence on the result obtained. Nevertheless, the problem encountered with laboratory E and the full contamination observed in laboratory D exemplified the crucial importance of (1) having a clear and detailed protocol underlining the important tips for the method, and (2) following carefully all the preventive measure to avoid carry-over contamination. The protocol was therefore adapted to ensure comprehensive and non-ambiguous understanding of the instructions. The current version of the detailed protocol is available on request. An assay is considered valid only to the extent that its results accurately predict, by inference, the true status of the samples being examined (Ferris et al. 2006) . In fact, any test may not prove presence or absence of infection, but its result can give more accurate probability of its presence or absence (posttest probability). Sensitivity and specificity have limited use in day-to-day diagnostic practice. A more useful approach is to combine the sensitivity and specificity results into single measures representing how much more likely a sample testing positive or negative corresponds to an infected sample than to a healthy one. These are known as the likelihood ratios for a positive test (LR+) and for a negative test (LR−). A likelihood ratio of 1 indicated a non-informative test, while the higher the LR+ and the lower the LR−, the better the test. A diagnostic method with a LR+ (LR−) higher (lower) than 10 (0.1) is considered as very good and led to a large change in pre-to posttest probability (Akobeng 2007) . The LR+ for PNRSV (15.8) is therefore very good as well as the LR− for PNRSV (0.11) and PDV (0.02). The positive likelihood ratio for PDV (7.5) indicates that the test led to moderate change in pre-to post-test probability. The LR+ and LR− can be further combined with pretest probability (prevalence) to calculate the post-test probability for a positive and a negative result, respectively. The calculation of post-test probabilities of infection provides useful information to manage the risks associated with a method and to integrate it adequately in certification schemes. The concept of pre-and post-test probability may be explained using three hypothetical populations with virus incidences of 25%, 50% and 75%, respectively. Using the LR+ and LR−, the post-test probability of being infected for a sample with a positive or a negative result can be calculated (Table 4) . As an example, in a population with a PDV prevalence of 50%, the probability of a tested individual being really infected after a positive result rises from 50% (pre-test probability) to 88% (post-test probability). After a negative result, there is only a 2% probability that the tree is infected by PDV.
In epidemiological studies, the PDV incidence ranged from 0.4% to 17% (Jarrar et al. 2001; Herrera and Madariaga 2002; Dominguez et al. 1998) . With these values, the maximum probability that a sample testing negative is infected is 0.41%. This very low probability makes this RT-PCR protocol a method of choice as a first screening technique. This technique will drastically reduce the release of infected plant material. Nevertheless, for the same prevalence, the maximum probability that a sample testing positive is really infected is only 61%. This result underlined the absolute necessity to further confirm a positive result by an independent diagnostic technique.
According to literature data, the PNRSV incidence is more variable. Usually, the incidence ranged between 5.6% to 10% (Myrta et al. 2002; Herrera and Madariaga 2002; Dominguez et al. 1998 ) while a peak of 46% has been observed (Jarrar et al. 2001) . A sample testing negative has therefore an infection probability of approximately 1% (low incidence) and 8% (high incidence). Clearly, the risk of releasing plant material infected by PNRSV is higher than for PDV. Nevertheless, it is acceptable (lower than 1%) for samples coming from a population with low infection prevalence, and should be managed on a case-by-case basis. On the other hand, the probability that a positive result corresponds to an infected sample ranged from 94% (high incidence) to 47% (low incidence). As for PDV, it should be mandatory to further confirm a positive result by an independent diagnostic technique.
In conclusion, the inter-laboratory evaluation of a molecular diagnostic protocol provides very useful information on the performance and limits of the method. This information is crucial to adequately (1) integrate the protocol within a certification scheme, (2) use the protocol in routine analysis and (3) assess and manage the risk linked to the results of the test. This inter-laboratory assay confirmed the high specificity and sensitivity of the duplex RT-PCR protocol to detect PDV and PNRSV. It also showed the reproducibility of the protocol in various laboratories. Finally, the calculation of post-test probability values underlined the great potential of this molecular protocol as a first screening technique whose positive results must be confirmed by independent methodology.
